DISCLAIMER
In this paper we describe the results of our experimental S ldy of the Aladdin accelerator, a 1 GeV synchrotron light source located at the university of Wisconsin. The work reported here was carried out dLring the latter part of April, 1985 under the auspices of the Aladdin Upgrade study, whose mission was to assess the problems with the existing Aladdin storage ring and recommend corrective action. Our other work for the Upgrade study hag al~Qady b~en described i1-3J.
The primary purpose of our experimental onslaught was to investigate reported anomalies in the behavior of the linear lattice, particularly in the vertical plane. This information was felt to be crucial to give us confidence in the "paper studies" that were carried out to assess the expected performance of Aladdin with a proposed 800 KeV injector [1-3J. In particular. a good understanding of the linear optics is crucial for "modeling" the machine in order to desitn the new injection system, an effective closed-orbit correction and beam steerint system, etc.
A second toal of our experimental protram was to estimate the riot broadband lapedance. This inforaation is required in order to ascertain that the hlah-current perforaance of the .cc.ler.~or will be acceptable (in teras of instabilities) at UOO-1000 HeY. Finally. we wished to IIIlke measure!'le11ts of the lon&itudinal and transverse beam emittance in order to test our predictions [3) of lar&e emittance growth at low energies due to intrabeam scatterin& (I8S).
Prior to our experiments. a great deal of experimental work on the Aladdin ring had already been carried out by the staff of the University of Wisconsin Synchrotron Radiation Center (SRC) and. more recently. by
A. Hofmann and P. Horton from SLAC. It had been observed. for exa~ple. that the horizontal lattice functions had the expected fourfold symmetry and that they generally agreed with model predictions from the lattice rode SYNCH;
this is shown in Fig. 1 . In contrast. however. it was reported that the vertical lattice functions had only a twofold symmetry rather than the expected fourfold symmetry, and this was a cause of some concern.
A preliminary experiment to measure the broadband impedance of the ring had also been carried out (4), and yielded a value forlZ/~ of about 17 ohms. enersy, it was dee.ed worthwhile to trY to assess the low eners1 eaittance behavior in a more quantitative fashion in order to allow direct comparison with our accelerator desi&n code ZAP [6] .
In what follows, we first describe our experimental observations and interpretation of the linear properties of the Aladdin ring, including beta function and dispersion measurements. Hext, we describe two experiments to measure the ring impedance, the first a measurement of the parasitic mode loss, and the second a measurement of the beam transfer function. Then, measurements of the longitudinal and transverse emittance at 100 and 200 KeV are described and compared with ISS predictions. Finally, we give a summary of our experimental findings and recommendations for future work.
II. Linear Lattice Measurements
In this Section we describe our measurements of the linear lattice parameters, the beta functions and dispersion. To give a feeling for the approach we have taken in our investigation, the story will be presented in a stepwise fashion, more or less in chronological order. A diagram of the Aladdin ring is presented in Fig. 2 ; the locations of the various magnets alluded to in the following discussion are indicated.
The technique used to aeasure the beta values was that of shuntin& the various quadrupoles and .easurin& the resultant tune shift. If the chan&e in quadrupole current is 61 Q and the correspondin& tune shift is 6u.
then the beta value at that location is &iven bJ [7D:
where Bp is the beam JDa!netic r:1.!idity and K is toe constant that relates the quadrupole current to its integrated gradient (in T/A). Because the discrepancy with the model calculations was observed only in the vertical plane, we will focus our interest on these results; the results from the horizontal plane will be described briefly toward the end of this Section.
In carrying out our measurements, the nominal working point of the machine was moved away from the "acceleration" tunes of v '" (7.1,7.1) x,Y to (7.1,7.25), and ultimately to other values as well. This choice moves away from the x-y coupling resonance and locates the vertical tune farther from an integer tune value. Unless otherwise noted, the measurements were carried out at 800 MeV.
In our first measurements of the vertical beta functions, it was found that the maximum valu~s we observed were significantly lower than those predicted by SYNCH based on the nominal magnet parameters. This is shown in Fig. 3 . The maximum predicted beta values, at the center quadrupole ("Q2") of the quadrupole triplet at each end of the long straight section (see Fig. 2 ), are about 20 m, whereas the observed beta values were only about 10-14 m. Although more or less equivalent discrepancies occur in other 10-cations. the differences between theory and experiment were most clearly noticeable at the Q2 locations. For this reason, we concentrated our efforts on measurements of the beta functions at these particular locations.
Concenlratin& on just the Q2 localions, we see from Fi! .
• that the ob- Because the predicted effect corresponds to having too high a gradient in 2Q2A, it is straightforward to test it experimentally.
To do so, we simply added a fixed shunt to 2Q2A that would remove about l~ of the current from the ma&net and then remeasured the beta values in the ring. In Fig. 8 Again we conclude (see Fig. 9 ) that the violent excursions are lessened when the fixed shunt is utilized.
To investigate the effects of the fixed 2Q2A shunt on the superperiodicity of the ring, we next carried out some "kick" measurements. Vertical steering magnets located at homologous points in each quadrant were used to provide an equivalent strength kick and the resultant orbit change throughout the ring was measured with the BPH system. The results are displayed in Before leaving the subject of beta functions, we should comment on the implications of our results on the horizontal beta functions. As mentioned earlier, the horizontal results have always agreed well with SYNCH predictions. It is natural, then, to ask what happens if we assume a 1~ gradient error in 2Q2A. The answer is given in Fig. 13 , which shows the predicted and measured horizontal beta functions for an assumed l~ error in 2Q2A.
Clearly the agreement in the horizontal plane is maintained, because the predicted changes in beta function due to the error in the vertically focusin~ 2Q2A are essentially negligible.
Thus, we be~ieve that there is a gradient error in quadrupole 2Q2A that is responsible for the observed lack of vertical symllletry in the ring. It appears that the existence of this error is not in disagreement with any of the observations of which we are aware. On the other hand, we note that va- Experiments were carried out at a beam energy of 100 ~~eV using a single stored bunch with the 50 MHz RF system. The observed shift in synchronous phase angle as a function of beam intensity is shown in Fig. 15 . From these data we extract a value for the slope of k = k8fo dI -6.5 x 10 V/eou1 (3) where k8 is the number of bunches (here ko revolution frequency {here f = l.l7 KHz). We chose the resonator to have Q = 1 and to be centered at a resonant frequency corresponding to the cutoff frequency of the beam pipe. For Aladdin, the effective radius of the vacuum chamber is about 3 cm, which implies a cutoff frequency of ~R ~ 10 GHz (fR~ 1.7 GHz).
The parasitic mode loss parameter can be expressed as an integral over frequency of the product of the impedance and the frequency spectrum of the bunch. For a Gaussian bunch with rms length at • k is given by [9) :
In the case where (~a Ic) » 1, the integral becomes approximatelj it is also consistent with the full b~nch iength derived from a measurement of the dipole mode t~ansfet' function, to be described below. Because Because the i~edance valu~ de~ived from a weasure.ent of the parasitic mode less is extrelllely sensitive to the bunch lensth, as follows from Eq. (6) , precise knowledge of "the bunch length is of paramount importance.
In this sense, the previously reported value [4] of , un1 0 17 Q is not in contradic~ion with our value of V ~, view of the extreme sensitivity to bunch length, we have also attemp.;.""~~ 1..0 measure the bunch length directly from the signal induced on a longitudinal beam pickup; the technique will be described below in Section IV. Although there are experimental difficulties in sech measurements for the bunch length regime of interest here, the results were again consistent, within experimental ert"ot"s, with the value ado".lted for our analysis.
Beam Tr.msfct" Function Measurement
The parasitic mode loss expet"iment just desct"ibed pt"ovides us with an estimate of the resistive pat"t of the longitudinal bt"oadband impedance of the Aladdin ring. It is also of intet"E:st to investigate the t"eactive pat"t of the impedance, which leads to a shift of the cohet"ent syncht"ott"on ft"e- ( 8) where h (=15 here) is the RF harmonic number and a is the amplitude of s1o- il fs(O) (9) Values for the full bunch length derived 6 ns at 4.8 mA and 8.5 ns at 13 ~. To obtain the transverse erni ttl:'nce, we meQ£!..!t"f!d the t:"?l'1svPt"se beam size using the emitted synchrotron radiation. The light from the upstream port of dipole BH2 is focused onto two silicon diode arrays coupled to a scanning system that produces a profile from which the rIDS beam widths can be obtained.
The lOJl&itudinal ~asurements were made via a longitudinal pickup that is capacitively coupled to the beaa. Unfortunately. the pickup was limited in bandwidth, and this vas exacerbated by • lack of suitable cabliJl& to connect the systea to the fast oscilloscope in the control room.
To avoid .. &suralent probl . . a •• ociated with the severe lon&iludinal coupled-bunch oscillation. seen in Aladdin at low enerzies. it is desirable to perfora the experi..nt with only a sin~le bunch circuLatin~ in the ring.
However. the present inability at Aladdin to inject and accelerate a large amount of current in a single bunch would have limited our ability to obtain information about the intensity dependence of the emiV.ance.
For both of the above reasons, it was decided to consider utilizing the first-harmonic (3.37 KHz) RF cavity that was available. With this chcice, the bunch length would be muc.h greater than for the fifteenth harmonic cavity, and consequently the measurement would be much less susceptible to the cabl~ng limitations alluded to above. Moreover, the amount of current that could be accelerated in a single bunch is higher than for the h = 15 systern, so this parameter would be easier to vary. The drawbacks of such a choice are that the larger beam size diminishes the effect of the IBS (all oH:'ct" things being equal) and that the energy range available with the h = 1 RF system is limited to below about 200 MeV. Because the former drawback is roughly compensated by the increase in available beam intensity, and the latter is not a concern because of the rapid decrease in IBS with increasing bealll energy f31, we chose to use the fjrst-h~""'c"'!_c cavity-A t~"ptc"l bund:. length profile is shown is Fig. 24 .
For the momentum spread, no direct experimental measurements were made. Therefore, it was necessary to infer this parameter from the measured bunch len&th and the known RF parameters:
where. is the sJTlcht'Ott'On lune. 1' 1 is the frequency slip factor. and s R is the averqe rins radius.
As it tums out, the JIOMI\tua spread is also very iJlportant in the deteraination of the horizontal eaittance, because the transverse e.ittance is rr..easured at a locat.ion in the rins where the dispersion is nonzero. The ho--rizontal emittance is obtained from the measured beam size by:
where a is the rIllS horizontal beam size, D is the dispersion at the The vertical emittance does not depend on the momentum spread, since ~e assume zero dispersion in this plane, and is given by:
The results of our measurements, along with predictions from ZAP, are given in Table II clea~ly to be larser tbm. thos~ ~f the othe~ ~in& ma&nets, it is still our st~on& reco~ndation that all of the Aladdin magnets be carefully measured. We conclude from this that the intt'abeam scattering process can strongly influence the performance of a low energy electron storage rir.g, and should be taken into account in the design of a low energy injection system.
In tenus of future experiments, we believe that the main goal should be to understand and eliminate the severe x-y coupling observed in the machine.
In addition, vigorous pursuit of the seve::-e ion trapping problems seen 1n the ring must clearly continue.
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